Fluorine-containing hydrophobic mesoporous material (MFS) with high surface area is successfully synthesized with hydrothermal synthesis method by using a perfluorinated surfactant SURFLON S-386 template. The adsorption properties of water vapor on the synthesized MFS are also investigated by using gravimetric method. Results show that SEM image of the MFS depicted roundish morphology with the average crystal size of 1-2 m. The BET surface area and total pore volume of the MFS are 865.4 m 2 g −1 and 0.74 cm 3 g −1 with a narrow pore size distribution at 4.9 nm. The amount of water vapor on the MFS is about 0.41 mmol g −1 at 303 K, which is only 52.6% and 55.4% of MCM-41 and SBA-15 under the similar conditions, separately. The isosteric adsorption heat of water on the MFS is gradually about 27.0-19.8 kJ mol −1 , which decreases as the absorbed water vapor amount increases. The value is much smaller than that on MCM-41 and SBA-15. Therefore, the MFS shows more hydrophobic surface properties than the MCM-41 and SBA-15. It may be a kind of good candidate for adsorption of large molecule and catalyst carrier with high moisture resistance.
Introduction
With the development of industry, air pollution and its adverse impact on the environment and human health has been an ongoing issue for decades, especially in developing countries. The growing world population and the emergence of recently industrialized countries make this issue even more pronounced. Volatile organic compounds (VOCs) are the main pollutants in the ambient air released by chemical, petrochemical, and related industries and have drawn more and more attention in recent years. Release of VOCs into the atmosphere may significantly reduce air quality and do harm to our health and welfare directly [1] . In addition, VOCs are key reactants involved in photochemical reactions occurring in the atmosphere, which lead to serious environmental hazards when they reach a certain concentration [2] . So, the VOCs concentration in air needs to be strictly regulated to an extremely low level and an efficient method to reduce the concentration in atmosphere is now strongly demanded.
There are many techniques available to abate the emission of VOCs, such as adsorption [3] , catalytic oxidation [4] , condensation [5] , membrane separation [6] , and biological treatments. Catalysis method has been considered as one of the most cost-effective and environmentally friendly technologies for the removal of VOCs, especially at high concentrations.
Mesoporous materials, with a pore size range of 2-50 nm, offer unique opportunities to catalysis thanks to the large surface area. The wide range of acid/base or redox catalysts will be developed after loading some active elements inside the pore walls of such materials [7, 8] . Mesoporous inorganic materials possess high specific surface area, nanometersized channels [9] with an ordered interconnected internal structure, and high thermal stability [10] , which has made feasible potential applications as the carrier of many kinds of catalysts [11] . Recently, the ordered mesoporous silica MCM-41 [12] , MCM-48 [13] , SBA-15 [14] , SBA-16 [15] , and SBA-12 [16] have been investigated to introduce active elements to prepare the catalysts.
However, water vapor is often present in polluted air under the real situations and may affect the catalytic characteristics of catalysts. Sometimes, water will become a poison for the catalytic combustion of VOCs [17] . Zelenak et al. [15] investigated the effect of water vapor on the activity of copper loaded catalysts with different supports such as CuO/ -Al 2 O 3 , CuO/SiO 2 , and CuO/TiO 2 for styrene oxidation and found that the presence of water vapor had a significant negative effect on the activity of the copper based catalysts for styrene oxidation. Li et al. [18] reported the catalytic activity of copper and manganese based catalysts prepared with different supports for toluene oxidation. Results showed that the conversion of toluene decreased by about 90% on the CuMn(1)O / -Al 2 O 3 and 50% on the CuMn(1)O /TiO 2 in the presence of water vapor (3.78, vol%) at 180 ∘ C. Jacobs et al. [19] studied the effects of water on the deactivation of Pt-promoted Co/Al 2 O 3 catalyst by XAFS and found that the catalyst activity depicted a sudden irreversible loss when the humidity reached 25%. Therefore, the improvement of the water resistance of catalyst supports by different methods of surface treatment is the key issue in practice applications. Xia et al. [20] prepared a Pt supported on MCM-41 catalyst synthesized in the presence of fluoride anions for combustion of toluene and discovered that the presence of the additional H 2 O had almost no effect on the oxidation activity of this catalyst. The synthesized MCM-41 support showed the more hydrophobic properties than the common MCM-41 without adding fluoride anions. Thus, it can be seen that adding fluoride element may be a promising way to strengthen the hydrophobicity of materials.
In this work we proposed to use a novel template (perfluorinated-surfactant SURFLON S-386, polymeric perfluorocarboxylic acid) to synthesize a more hydrophobic mesoporous MFS with higher surface area. The element of fluorine was successfully introduced into the structure of the mesoporous MFS and formed a more hydrophobic surface on it. The adsorption performance of water vapor at different temperatures on the MFS was investigated and compared with traditional mesoporous materials MCM-41 and SBA-15. Meanwhile, the water isosteric heat of adsorption on the synthesized MFS was estimated and the interaction between water molecules and the MFS was studied.
Experimental

Synthesis of the MFS Material.
The MFS samples were synthesized using SURFLON S-386 (≥99%, ASAHI glass) and tetraethylorthosilicate (>98%, J&K Scientific, TEOS) under acidic conditions from a hydrothermal reaction. First, SURFLON S-386 (0.4, 1.0, and 1.6 g) was dissolved into 120 mL deionized water at 313 K in a 250 mL beaker. After strong stirring for 60 min, TEOS (10.0 g) and aqueous HCl (5 mL, 1 mol L −1 , Donghong) were added to the solution and stirred for 30 min. The derived homogenous solution was then transferred into an autoclave and aged for 24 h in air to produce a rigid gel. The gel was covered and heated at 373 K for 48 h. The obtained samples were centrifuged and then washed with water and alcohol. After that these samples were dried in an oven at 373 K for 12 h. Finally, the samples were calcined at 823 K for 6 h with a heating rate of 1 K min −1 . The obtained samples were named as MFS-01 (0.4 g SURFLON S-386), MFS-02 (1.0 g SURFLON S-386), and MFS-03 (1.6 g SURFLON S-386), separately.
Materials Characterization.
Scanning electron microscope (SEM) images were obtained on a Philips FEIXL-30 operated by using a 10 kV accelerating voltage after gold deposition. Transmission electron microscope (TEM) images were taken with a JEM-2010HR electron microscope operating at 200 kV. In TEM measurements, the samples were prepared by dispersing the powdered product as slurry in ethanol, after which they were dispersed and dried on a holey carbon film on a cooper grid. Small-angel X-ray diffraction (XRD) pattern was obtained with a D-MAX 2200 VPC using CuK radiation. Langmuir and Brunauer-EmmettTeller (BET) surface areas and pore volume of the synthesis MFS-02 were measured with a Micromeritics ASAP 2020 sorptometer using N 2 adsorption at 77 K. Fourier Transforminfrared spectroscopy (FT-IR) measurements were recorded on a Nicolet 6700 spectrophotometer.
Measurements of Adsorption Isotherms of Water Vapor.
Water vapor adsorption on the synthesized MFS-02, MCM-41 (from Novel chemical Technology Co.), and SBA-15 (from Novel chemical Technology Co.) at 283-313 K was performed gravimetrically in a water sorption analyzer (Aquadyne DVS, USA). Prior to each sorption experiment, approximately 20-30 mg of preactivated sample (heated at 408-413 K under vacuum overnight) was charged into the sample pan with an accuracy of ±0.1 g to acquire data. Microbalance system can provide a direct measurement of adsorption. The temperature and humidity of the sorption chamber can be controlled by thermal couple and a dehumidifier and a humidifier with an accuracy of ±0.1 K and ±0.1 RH%, respectively.
Measurements of the Isosteric Heat of Adsorption.
The isosteric heat of adsorption can be used to evaluate the interaction between the adsorbate molecules and the adsorbent surfaces. The isosteric heats of adsorption as a function of the surface coverage can be calculated from isotherms at different temperatures by using Clausius-Clapeyron equation (1) [21, 22] :
where Δ is isosteric heat of water vapor adsorption, kJ mol −1 , is the ideal gas constant, kJ mol −1 K, is the water vapor feed pressure, Pa, and is an integration constant.
The isotherms of water vapor on the MFS-02 at different temperatures can be used to estimate the heat of adsorption [23] . Firstly, the water vapor isotherms were converted to water vapor adsorption isosteres. After that, ln is plotted to 1/T, and thus it yields a straight line with a slope −Δ / . Finally, the isosteric heat (Δ ) of water vapor adsorption can be calculated directly from the slope −Δ / of the plotted straight line. It is similar to calculating isosteric heat of water vapor adsorption for MCM-41 and SBA-15. 
Results and Discussion
Samples Characterization
(1) SEM and TEM. Figure 1(a) shows the SEM image of the MFS-02 sample. It can be seen that the MFS-02 shows a spherical-like morphological characteristic with a uniform diameter around 1-2 m. Figures 1(b) and 1(c) show the TEM images of the MFS-02 sample. Some clear amorphous channel displays on the surface of the material. The light and dark stripes of typical mesoporous structure can also be observed, revealing the presence of mesopores in the MFS [24] .
(2) XRD. Figure 2 shows the small-angle X-ray diffraction (XRD) patterns of the MFS-01, MFS-02, and MFS-03 samples. It can be seen that only one diffraction peak was detected at 2 = 0.7 ∘ . The characteristic peak at low angle indicates a short-range order in the structure [24] , which is consistent with the TEM images shown in Figures 1(b) and 1(c) . Moreover, the intensity of the peak was very weak in XRD pattern of the MFS-01, indicating a weak crystallinity in the structure. With the increase of SURFLON S-386 content in the mother solution, the intensity of this peak was gradually increased firstly and then decreased. It was indicated that the appropriate amount of the template will favor to form a relative order structure and high crystallinity. In BJH differential pore volume plot, only one sharp peak is observed at about 4.9 nm for the MFS-02 crystals (Figure 3(b) ), indicating a very narrow mesoporous material. Table 1 shows the parameters of the porous texture of the series MFSs synthesized by using different amounts of the SURFLON S-386 template. It can be seen that the BET surface areas and Langmuir surface areas were increased gradually with the increase of the addition of SURFLON S-386 content. The surface areas reached the maximum when the SURFLON S-386 contents was up to 10% and then declined gradually. It indicates that concentration of template may create greater impact on the formation of micelles and crystalline phases. It is favourable for the formation of liquid crystalline phases as increase of the template under low concentration. However, agglomeration of surfactant molecules will appear at high template concentration, which may affect the formation of liquid crystalline phases and mesoscopic structures selfassemble and then lead to the lower specific surface area of MFS ultimately.
(4) FTIR. Figure 4 shows the FTIR spectra of the MFS samples synthesized with different SURFLON S-386 contents. For each sample, the spectra show two strong distinct peaks at 1378 and 1459 cm −1 as well as and a weak peak at 1340 cm −1 , respectively.
The peak at 1378 cm −1 is assigned to the symmetric deformation vibration of methyl groups [25, 26] , which came from the residual of TEOS. The peak at 1459 cm −1 is associated with -CF 2 asymmetric stretch vibration [27] , and the peak at 1340 cm −1 represents -CF 3 stretch vibration of carbon-fluorine bond [28] . These two peaks are all attributed to the residual of the SURFLON S-386 after calcination. The SURFLON S-386 was composed of -CF 2 groups ( Figure 5 ). The carbon-fluorine bond is the strongest single bond in organic chemistry due to its partial ionic character [29] . It was hard to breaks the bond during the calcinations step of the synthesis process. Therefore, a portion of the SURFLON S-386 fragments might remain in the MFSs. The presence of carbon-fluorine groups on the surface of the MFSs may led to more hydrophobicity [24, 30] . Figure 6 shows the adsorption isotherms of water vapor on the MFS-02 at 283-313 K measured experimentally by gravimetric method and fitted by Langmuir-Freundlich (L-F) model (2):
Adsorption of Water Vapor on the MFS-02.
where (mmol g −1 ) is the adsorbed amount at equilibrium pressure (mbar), (mmol g −1 ) is the saturated adsorbed amount, L-F is the affinity coefficients (mbar −1/ ), and 1/ L-F represents the deviations from an ideal homogeneous surface (heterogeneity factor) [31] . All the adsorption isotherms of water vapor on the MFS-02 show a typical type-V profile with an initial unfavorable adsorption isotherms at the at low absolute pressure and pore condensationat low absolute pressure. This type of isotherm of water vapour indicated a very weak adsorption interaction of water with the pores in the MFS-02. Thus, it can be seen that the surface of the MFS-02 became more hydrophobic through grafting fluorine element on the surface of the mesoporous MFS-02. Meanwhile, it can also been seen that the adsorption capacity of water vapour on the MFS-02 was decreased with the increase of temperature, indicating a physisorption-type interaction. Table 2 lists the fitted parameters, , L-F , of the L-F model as well as the regression coefficients for linear regression of data of water vapor adsorption on the MFS-02. As shown, the experimental adsorption isotherms were well fitted by the L-F isotherm model with high regression coefficient ( 2 > 0.97). Table 2 shows a slight decrease in the value of as well as 1/ L-F as the temperature increases, suggesting a decrease in the adsorption interaction and less heterogeneous surface of the MFS-02 as the temperature increases [32] . Figure 7 shows the comparison of the adsorption isotherms of water vapor on the MFS-02, SBA-15, and MCM-41 at 303 K. As shown, the amounts of adsorbed water of these three materials were similar when the relative humidity was lower than 30%, while the amount of adsorbed water on the MFS-02 was much lower than those on the MCM-41 and SBA-15 when the relative humidity was higher than 80%. It indicated that the presence of fluorine-containing group in MFS-02 might effectively increase the hydrophobic property of the porous surface, as mentioned in Figure 4 .
The Isosteric Heat of Water Vapor Adsorption on the MFS.
According to the method described in Section 2.4, Figure 8 can be obtained, which exhibits a series of plots of ln versus 1/ at different amounts of water vapor on the MFS-02. From the slope of the plotted straight lines, the isosteric adsorption heats (Δ ) of water vapor adsorbed on the MFS-02 under various water vapor loadings were available. Figure 9 shows the dependence of the isosteric adsorption heats on the amounts of adsorbed water vapor on the MFS-02. It indicates that the isosteric adsorption heats are in the range of 27.0-19.8 kJ mol −1 , gradually decreasing with the amount of adsorbed water vapor increasing from 0.08 to 0.22 mmol g −1 . This means that an energetically heterogeneous surface for water vapor adsorption leads to the discrepant sorbate-sorbent interaction potential under different surface loadings [33] . The isosteric heat of water adsorption on the MFS-02 was much lower than that of water adsorption on the MCM-41 (57 kJ mol −1 ) and SBA-15 (45 kJ mol −1 ) at = 0.08 mmol g −1 , indicating the more hydrophobic surface property of the MFS-02 compared to MCM-41 and SBA-15. Therefore, the MFS-02 can be used as the adsorbent for large VOCs capture or as the catalyst carrier under the condition of higher relative humidity.
Conclusions
Fluorine-containing hydrophobic mesoporous material (MFS) with high surface area was successfully synthesized with hydrothermal synthesis method by using a perfluorinated-surfactant SURFLON S-386 template. The adsorbed amount of water on the MFS-02 was much lower than that on the MCM-41 and SBA-15 at high relative humidity. The adsorption isotherms and the isosteric heat of water adsorption on the MFS-02 suggested the weak interaction between the water vapor and the MFS surface. Material characterization results showed that MFS has stronger hydrophobicity than SBA-15 and MCM-41 due to the presence of fluorine-containing group. It may be a kind of good candidate for MFS to be a good material for adsorption of large molecule and catalyst carrier under high moisture environments.
